We localized anionic sites ultrastructurally in human eccrine and apocrine sweat glands with a poly-L-lysine-gold complex (cationic colloidal gold). Anionic sites were labeled by incubating Lowicryl K4M-embedded sections on droplets of cationic colloidal gold. In &e sweat glands, colloidal gold particles were restricted to the basolated membrane of the secretory cells at low pH, whereas the luminal membrane did not react with the gold particles. Chondroitinase ABC digested these anionic sites. This indicates that chondroitin sulfate andlor dermatan sulfate constitutes anionic sites in the basal labyrinth of ecaine sweat glands. In apoaine sweat glands, the luminal membrane of the secretory cells showed strong reaction at low pH, whereas the contraluminal membrane did not show any reaction. Neuraminidase completely digested these anionic sites, which indicated that the anionic charge of the apocrine lumen was due to sialic acid.
Introduction
The human body has eccrine sweat glands over almost its entire surface. Their main function is control of body temperature. The eccrine sweat gland is a simple tubular structure consisting of the duct and the secretory portion. The secretory portion of human eccrine sweat glands consists of clear cells, dark cells, and myoepithelial cells. Primary sweat produced by the secretory portion of the glands consists mostly of water and electrolytes, although other substances such as glycoproteins, proteolytic enzymes, and epidermal growth factor, among others, are also present (1,2). A recent study by Yanagawa et al. (3) showed that thermally induced human sweat contained periodic acid-Schiff-reactive glycoproteins. These authors speculated that these periodic acid-Schiff-reactive glycoproteins could block the sweat duct and result in sweat reten- Differences in distribution and susceptibility to enzymes of anionic sites in cell membranes between &e and apocrine sweat glands may reflect functional ditrerences between these glands. Dark cell granules in ecuine secretory cells were negative for the anionic sites when Sections were labeled without any pre-treatment. However, pre-incubation of the grids on EGTA or deionized water unmasked the anionic sites on the dark cell granules. The positive staining after EGTA treatment was greatly decreased by reincubation with CaC12. These results suggested that Ca blocked anionic sites in dark cell granules. Exposed anionic sites were digested with chondroitinase ABC. This indicated that chondroitinase ABC and/or dermatan sulfate composed the anionic sites in dark cell granules. (JHistochem Cytochem 41: [1197] [1198] [1199] [1200] [1201] [1202] [1203] [1204] [1205] [1206] [1207] 1993) tion syndromes such as miliaria (4). Furthermore, they showed that such glycoproteins were derived from eccrine secretory cells, possibly from dark cells, rather than from serum (3).
Apocrine sweat glands are larger glands and are mainly distributed on the axillae and genital skin. They are considered to be a remnant of odorous organs in animals. Apocrine sweat glands secrete thick, proteinaceous sweat, rich in precursors of odoriferous substances (1) . Their secretory portion consists of secretory cells and myoepithelial cells. Secretory cells have two types of cytoplasmic granules. Small granules show mitochondrion-like internal structure and rich EGF-like antigenicity (5). Large granules are round, variable in size, and are derived from phagolysosomes.
Most eukaryotic cells have carbohydrate on their surface as glycoproteins, glycolipids, and proteoglycans. The carboxyl and sulfonic acid residues of these carbohydrates produce a net negative charge on the cell surface. This negative charge is thought to play important roles in cell function and in interaction with other cells and extracellular matrices (6). A negatively charged layer of the cell membrane may be responsible for regulation of the movement of various soluble molecules across the cell membrane. However, we know little about the distribution and the nature of anionic sites in the human eccrine and apocrine sweat apparatus. A recent model for the secretion of eccrine sweat glands suggests that the luminal and basolateral membranes of secretory cells are functionally different (2) . In fact, our enzyme histochemical study showed that Na,K-ATPase was predominantly localized on the basolateral membrane of secretory cells (7). If the distribution of anionic sites between luminal and basolateral cell membranes is different, anionic sites might be related to the membrane transport of secretory cells in sweat glands.
We attempted to demonstrate the anionic sites in eccrine and apocrine sweat glands to determine their possible contribution to membrane transport in secretory cells. In addition, we sought anionic cytoplasmic structures as a source of periodic acid-Schiffreactive glycoproteins in sweat. Anionic labeling was performed with poly-L-lysine-gold complex on thin sections embedded in Lowicryl K4M. We characterized the anionic sites according to their susceptibility to digestion with enzymes such as chondroitinase ABC, hyaluronidase, heparitinase, and neuraminidase. Labeled anionic sites were observed by transmission electron microscopy.
Materials and Methods
Preparation of tissue. Skin samples were obtained from the margins of surgical specimens. Six specimens from trunks and limbs were used for eccrine sweat glands and four specimens from axillary skin were used for apocrine sweat glands. Fixation, embedding, and preparation of the ultrathin sections were as reported previously (>). Small pieces of skin were fixed in a mixture of 3% paraformaldehyde/o.>% glutaraldehyde in PBS (0.01 M phosphate buffer, pH 7.4) for 1 hr at room temperature. After washing in PBS, aldehyde residue was quenched by incubating the specimens in 50 mM N h C I in PBS for 30 min. The specimens were stored in PBS at 4°C overnight. Fixed specimens were dehydrated in a graded series of ethanol, then embedded in Lowicryl K4M. The plastic was cured with uv rays at -20'C with a Ivv-200 (Dosaka EM; Kyoto, Japan). Ultra-thin sections were cut with a diamond knife and mounted on nickel grids coated with formvar and carbon.
Staining. We stained the sections with cationic colloidal gold conjugated with poly-L-lysine at pH 2 or pH 7.4 by the following procedure. (a) A grid was pre-incubated on a drop of PBS (pH 7.4) containing 0.1% BSA for 10 min. (b) The sections were then stained with cationic colloidal gold (1:80) in PBS (pH 2 or p H 7.4) containing 0.2% BSA for 1 hr at room temperature. (c) The sections were washed on drops of PBS (pH 7.4) containing 0.1% BSA (six washes of 10 min each) and distilled water (two washes for 2 min each). (d) The sections were counterstained with 2% aqueous uranyl acetate for 2 min. (e) The sections were observed with a JEOL JEM 1200EX transmission electron microscope operated at an acceleration voltage of 80 kV. Comparison of the labeling intensity was performed in each experiment where the serial sections from the same block were used and staining was run in parallel. We repeated each experiment at least twice using sections from two different subjects.
Enzyme Digestion. Anionic sites were digested with chondroitinase ABC, hyaluronidase, heparitinase, or neuraminidase before staining with cationic gold. Each enzyme was prepared as follows. Chondroitinase ABC was dissolved in 0.1 M Tris-HCI buffer supplemented with 0.03 M sodium acetate, pH 8, at a concentration of 2 Ulml. Hyaluronidase solution was prepared in 0.02 M sodium acetate-acetic acid buffer at pH 6 supplemented with 0.15 M NaCI, and was dissolved at a concentration of 50 Ulml. Heparitinase was dissolved in 0.1 M Na-acetate buffer, pH 7.0, at a concentration of 0.1 Ulml. Neuraminidase was dissolved in 0.1 M Na-acetate buffer, pH 5.4, containing 0.01 M CaC12 at a concentration of 4 Ulml.
Grids were incubated on droplets of each enzyme solution for 2 hr at 37°C in humid chambers. After washing on droplets of PBS, grids were stained for anionic sites both at pH 2 and at pH 7.4 as described previously. Control grids were incubated on droplets of each buffer without enzymes.
EGTA Treatment. We studied the effect of pre-incubation with EGTA on labeling of anionic sites to test if the deposition of Ca could mask some anionic sites. Each section on a droplet of 0.2 mM EGTA was incubated for 20 min at room temperature. Sections were then washed in three changes of deionized water. Consequently, sections were stained with cationic colloidal gold as described above.
Materials. Cationic colloidal gold was purchased from BioCell Research Laboratory (Cardiff, UK). Lowicryl K4M was obtained from Polyscience (Warrington, PA). Neuraminidase from Clostridirrmperfringens was purchased from Sigma (St Louis, MO). Chondroitinase ABC protease free from Proteus vulgaris, heparitinase from Flavobacterium heparinum, and hyaluronidase from Streptomyces hyafuro/yticus were purchased from Seikagaku Kogyo (Tokyo, Japan).
Results

Cationic GoZd Staining: EfjCect of p H
Alteration of pH had a prominent effect on the distribution of anionic sites in eccrine and apocrine sweat glands. In general, most staining was associated with cell membranes at pH 2, whereas the cytoplasm and nucleus showed diffuse staining at pH 7.4. The intensity of the staining was classified into four grades by eye and is summarized in Table 1 . The background staining was much less intense at pH 2 than at pH 7.4.
At pH 2, infolding basolateral cell membranes in eccrine sweat glands facing the interstitial tissue were most heavily labeled with cationic colloidal gold ( Figure 1 ). Neither the luminal membrane of eccrine secretory cells nor the ductal portion of eccrine sweat glands showed any labeling with cationic gold at pH 2. The cell membranes in intercellular canaliculi (ICC), which were in continuity with the luminal membrane, were negative for cationic gold at pH 2 (Figure 1 ). Dark cell granules were not labeled with cationic gold at pH 2 (Figure 2 ). At pH 7.4, the cytoplasm and the nucleus of clear cells, dark cells, and myoepithelial cells in eccrine sweat glands were diffusely stained with cationic gold. Dark cell granules showed heavier labeling than cytoplasm with cationic gold Table 1 at pH 7.4. The basal infolding cell membrane, where positive staining was noted at pH 2, was more intense at pH 7.4 than at pH 2. In apocrine sweat glands, the luminal membranes of secretory cells and submembranous intracytoplasmic vesicles were heavily stained with cationic gold at pH 2 (Figure 3 ). Neither cytoplasmic granules of apocrine secretory cells nor ductal portions of apocrine sweat glands showed any labeling with cationic gold at pH 2. At pH 7.4, cytoplasm and nucleus ofsecretory cells and myoepithelial cells of apocrine sweat gland revealed diffuse labeling with cationic gold (Figure 4) . Large intracytoplasmic granules of apocrine secretory cells, which were derived from phagolysosomes, showed heavier labeling, whereas mitochondrion-like cytoplasmic granules showed lighter labeling than the cytoplasm. Strangely, the apocrine luminal membrane, which was labeled with cationic gold at pH 2, was not labeled at pH 7.4 ( Figure 4 ).
. Effect o f p H on the d i r t n h i o n of anionic sites in eccrine and apocrine sweat glands
Effect of Enzyme Digestion
In eccrine secretory cells, basolateral anionic sites detected at pH 2 or pH 7.4 were almost completely digested by chondroitinase ABC (Figure 5 ). Other enzymes (neuraminidase, heparitinase, hyaluronidase) did not digest these anionic sites. These results indicated that chondroitin sulfate andlor dermatan sulfate caused the anionic charge of the basolateral cell membranes in eccrine sweat glands.
In apocrine secretory cells, the anionic sites on the luminal membrane and submembranous vesicles labeled only at pH 2 were completely digested by neuraminidase ( Figure 6 ). Other enzymes did not have any effect on the anionic sites of the apocrine luminal membrane.
The cytoplasmic and nuclear labeling at pH 7.4 did not change after pre-incubation with the enzymes we used. Overnight incubation with heparitinase or hyaluronidase did not eliminate an-ionic sites in eccrine and apocrine sweat glands. Control incubation with each buffer without enzyme did not alter the staining on the basolateral cell membrane of eccrine secretory cells or the luminal membrane of apocrine secretory cells.
Effect of EGTA
Contrary to our expectations, cationic gold at pH 2 did not label the dark cell granules when we incubated the section without any pre-treatment. We speculated that Ca quenched anionic sites in dark cell granules, since our previous study with X-ray microanalysis showed high Ca concentration in dark cell granules (8). To test this hypothesis, we pre-incubated the sections on grids with 0.2 mM EGTA for 20 min. then stained anionic sites with cationic gold at pH 2. Dark cell granules were heavily labeled with cationic gold after EGTA pre-incubation (Figure 7) . In addition, we pre-incubated the grids on deionized water for 30 min. This also resulted in positive staining in dark cell granules, although the intensity of the staining was less than when pre-incubated on EGTA solution.
To further confirm the hypothesis, we studied the effect of rein- cubation with Ca or Mg after EGTA pre-incubation. The grids were pre-incubated with 0.2 mM EGTA for 20 min. After thorough washing with deionized water, grids were reincubated with either 2 mM CaC12, 2 mM MgCl2, or deionized water for 20 min. Then anionic sites were stained with cationic gold. Reincubation with CaCl2 resulted in greatly reduced staining of dark cell granules ( Figure  sa) . whereas reincubation with MgClz caused a moderate reduction of the staining on the dark cell granules (Figure 8b) . Reincubation with deinonized water after EGTA pre-incubation showed heavy labeling on the dark cell granules (Figure 8c ), as seen in the staining immediately after EGTA pre-incubation. We then studied the susceptibility of anionic sites to enzyme digestion after pre-incubation with EGTA. Chondroitinase ABC greatly reduced the labeling of dark cell granules after EGTA treatment; however, other enzymes did not considerably alter the staining. This result indicated that the anionic sites that were masked with Cain native condition consisted of chondroitin sulfate and/or dermatan sulfate.
Pre-incubation with EGTA did not affect the distribution of anionic sites in apocrine sweat glands.
Discussion
Eukaryotic cells have negative charges on their surfaces. Surface negative charge is thought to play important roles in the various cell functions, e.g., membrane transport, cell communication, tumor invasion, and metastasis (6). For example, Evans et al. (9) reported that Ehrlich carcinoma cells adhering to mesentery were more anionic than free ascites tumor cells. They speculated that the surface anionic sites were determinants of the invasiveness of malignant cells in vivo. There have been several methods to demonstrate anionic sites in electron microscopic resolution. For example, anionic sites have been histochemically demonstrated using alcian blue, a copper phthalocyanine dye (10,ll). colloidal iron (12), cationic ferritin (U), ruthenium red (14), lysozyme (IS), or polyethyleneimine (PEI) (16) . Enzyme digestions before the histochemical demonstration of anionic sites have revealed the molecules causing anionic charge. However, problems regarding the penetration of cationic probes and the effect of intrinsic enzymes have complicated the interpretation of results obtained with these pre-embedding methods. Skutelsky and Roth (17) introduced cationic gold for detection of anionic sites in post-embedding cytochemistry. They prepared cationic colloidal gold by coating particles of gold with poly-L-lysine. In our study, anionic sites were demonstrated on thin sections embedded in Lowicryl K4M with commercially available cationic gold. Furthermore, on-grid enzymatic digestion studies disclosed the molecules responsible for the anionic charge. This technique has been applied to various tissues to precisely localize anionic sites and to characterize their nature (18, 19) .
Schaumburg-Lever et al. (20) reported the ultrastructural localization of lectin-binding sites on normal human eccrine and apocrine sweat glands. Their study showed that lectin binding was different between luminal and basolateral cell membranes in eccrine and apocrine Sweat glands. Our present studies showed that there was a high density of negative charges on the basolateral membranes of eccrine clear cells. Chondroitinase ABC digested these basolateral anionic sites. This result suggests that basolateral anionic sites con-sist of chondroitin sulfate andlor dermatan sulfate. We think that the basolateral cell membrane plays an important role in secretion of primary sweat, because the basolateral cell membrane occupies a large are by its infolding structure and this part of the membrane is rich in Na,K-ATPase, which provides the driving force for the secretion of primary sweat (7). Therefore, we speculate that the restricted presence of the anionic sites on the basolateral cell membrane in eccrine secretory cells might be related to the production of primary sweat.
In contrast to eccrine sweat glands, basolateral cell membranes of apocrine secretory cells did not show obvious labeling at pH 2. However, the luminal membranes of apocrine secretory cells were heavily labeled with cationic gold at pH 2. Submembranous vesicles also showed labeling. Pre-incubation with neuraminidase completely abolished these luminal anionic sites. This result indicates that luminal anionic sites of apocrine sweat glands consist of sialic acid. Therefore, eccrine and apocrine sweat glands are different not only in distribution of anionic sites but also in the carbohydrates that constitute anionic sites. The difference in anionic sites between eccrine and apocrine sweat glands might be related to the functional differences of these glands.
Alteration of pH had a marked effect on the distribution of anionic sites. At low pH, cationic gold stains only sialic acid and sulfonic residues (21). The sites detectable at pH 7.4 but not at pH 2 are due to carboxyl groups. Therefore, anionic sites in the basolateral cell membrane of eccrine secretory cells, detected at pH 2, are due to sulfonic acid residues in chondroitin sulfate ordermatan sulfate. Apocrine luminal cell membrane labeled at pH 2 is due to sialic acid. However, it is difficult to explain by charge theory alone why apocrine luminal anionic sites detected at pH 2 did not appear at pH 7.4. Goode et al. (19) reported a similar phenomenon. They stained glomerular anionic sites in LR Goldembedded ultra-thin sections with cationic colloidal gold. Their study indicated that the glycocalyx of visceral epithelial cells and endothelial cells showed heavy staining. Neuraminidase eliminated these anionic sites, indicating that sialic acid was responsible for the staining. At pH 3 and above, glycocalyx anionic sites were not stained. Goode et al. speculated that an effect of low pH might be to alter the structural configuration of sialoprotein, thus rendering charge sites available for staining with cationic colloidal gold (19) . We contemplate the same mechanism to explain why anionic sites in apocrine luminal cell membrane were detected at low pH but not at neutral pH.
Dark cells of eccrine sweat glands have a smaller number of mitochondria than clear cells and have characteristic cytoplasmic granules that are reactive to periodic acid-Schiff. The function of the dark cells is poorly understood, although secretion of sweat glycoproteins that react with PAS may be one of their functions (2J). Although dark cell granules should be rich in glycoproteins, they did not show positive labeling with cationic gold when sections were treated without any pre-treatment. However, pre-incubation of the grids with 0.2 mM EGTA, or deionized water unmasked anionic sites in dark cell granules. The anionic sites revealed by EGTA were decreased after incubation with CaCIz. These results suggest that Ca quenches anionic sites in dark cell granules. This notion is consistent with our previous observation that showed a higher concentration of Ca in dark granules by x-ray microanalysis (8). Enzyme digestion study after EGTA treatment disclosed that chondroitin sulfate andlor dermatan sulfate was responsible for the anionic charge in the dark cell granules. 
